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Introduction
Trigeminal Neuralgia (TN) is the most common chronic neuropathic facial pain disorder, characterized by paroxysmal unilateral electric shock-like pain in the trigeminal nerve subdivisions. TN is closely linked to trigeminal neurovascular compression at its root entry zone, which frequently necessitates surgical interventions to alleviate symptoms [37; 44] . As a type of severe neuropathic pain, TN has several unique features that make it an ideal model for the investigation of the effect of pain on brain structure. TN overwhelmingly unilateral, severe and is generally not associated with numbness or sensory deficits reported in different chronic pain syndromes. This distinguishes TN from other syndromes where pain is more diffuse, or axial, and where there is greater inter-individual heterogeneity in the expression of pain.
Grey matter (GM) and white matter (WM) abnormalities within the central nervous system (CNS) occur with chronic pain [10; 28; 56] . Likewise, chronic neuropathic pain including TN results in GM volume changes within areas such as insular cortex [46] . GM abnormalities may occur as a consequence of chronic pain, as some abnormalities show reversibility with effective pain treatment [23; 48; 54] . Alternatively, chronic pain can produce a maladaptive stress response, which triggers functional reorganization of pain-related networks, including those involving the hippocampus [4; 5; 60] .
We have previously demonstrated that GM and WM changes in CNS structures are important for pain perception, pain modulation, and motor function [11; 12] . Furthermore, altered diffusivities in the pontine segment of trigeminal nerve can help to predict and prognosticate responders from non-responders to surgical treatments [29] . Recently, we reported that TN results in changes to specific affect-related circuits, and reduced GM volumes in multiple regions including the hippocampus [25] .
A C C E P T E D M A N U S C R I P T
The hippocampus has been long investigated for its widespread anatomical connections, with key roles in processes including cognition, memory and the limbic circuitry of emotion [20; 33; 43] . While its role has been studied in conditions such as dementia, stress, and cognitive disorders; its involvement in chronic pain has not been well defined. Yet, patients with chronic pain uniformly report cognitive, memory changes, and pain-associated negative affect [38] .
Thus, investigation of the role of the hippocampus in chronic pain is timely.
The hippocampus receives complex integrated sensory and cognitive information, including pain, from different regions of the brain and limbic system and has diverse cortical projections. It comprises different anatomical components, or subfields, with distinct morphologies and connections. As such, these subfields, notably the subiculum, cornu ammonis (CA1 -CA4), and dentate gyrus (DG), demonstrate functional specialization with key involvement in distinct processes such as verbal fluency, memory, spatial navigation, and emotional processing. For example, prior studies have suggested CA3 and DG involvement in memory encoding and early retrieval, whereas CA1 is primarily responsible for recognition and late retrieval [1; 30; 32; 49] .
Additionally, previous studies have delineated hippocampal circuit involvement in pain processing [36] and neurogenesis deregulation in chronic pain animal models [3] , however the potential level of functional specialization of the hippocampus with respect to pain has not been investigated. Assessing the impact of hippocampal subfields may further elucidate the relationship between chronic neuropathic pain and CNS changes, for which TN, a severe form of unilateral neuropathic pain, is a particularly apt model for study. Thus, in this study, we hypothesize there will be selective subfield hippocampus GM alterations associated with TN.
Specifically, we anticipate reduction in subfields associated with neurogenesis, such as DG and CA4 regions, with similar effects on CA1 subregion which is primarily involved in encoding and
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processing of neuronal input. To study this, we aim to use MRI and gray matter analysis to segment the hippocampus and analyze individual subfield volume changes in TN patients. We further investigate the effect of sex as well as pain duration on hippocampal changes.
Methods
Ethics
The University Health Network (UHN) Research Ethics Board approved this retrospective study of classical TN patients. Patient data was analyzed retrospectively and there was no active participation by patients. Individual patient consent was not required for this retrospective study.
In addition, the UHN Research Ethics Board approved recruitment of healthy control subjects and the procedure to obtain written informed consent. Each healthy control participant provided written informed consent. All MRI scans where anonymized prior to analysis and stored in secure databases.
Participants
Twenty-two TN subjects seen at the Toronto Western Hospital between May 2008 and February 2011 were selected for the study using the criteria for classic TN as outlined by The International Classification of Headache Disorders [26] . Briefly, the inclusion criteria were: 1) unilateral (right-sided) pain involving one or more branches of trigeminal nerve; 2) stereotypical pain attacks involving intense, sharp, superficial, or stabbing paroxysmal facial pain precipitated from trigger areas or by trigger factors, and not associated with clinical evidence of neurological or sensory deficits or another disorder; 3) no previous surgical procedures for TN. Demographic and clinical details for patients were obtained via retrospective chart reviews (Table 1) . Patients were age-and sex-matched to a cohort of twenty-two healthy pain-free control participants.
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Imaging
All imaging was conducted with a 3T GE Signa HDx MRI system fitted with an eight-channel phased array head coil. Scans of T1-weighted 3D FSPGR axial brain images were obtained from the top of the cranium to below the foramen magnum (0.9 x 0.9 x 0.9 mm 3 voxels derived from a 256 x 256 matrix and field of view of 24 cm, echo time = 5 ms, repetition time = 12 ms, inversion time = 300 ms).
Automated Volumetric Hippocampal Segmentation
Volumetric segmentation was performed with the FreeSurfer 6.0 image analysis suite as previously described by the software developers (http://surfer.nmr.mgh.harvard.edu/) [19; 31] . In addition, we used the Hippocampal Subfields segmentation protocol built into FreeSurfer 6.0 which automatically segments 12 subfields of the hippocampal formation in each hemisphere ( Figure 1 ). The segmentation procedure is based on previously established ex-vivo histological segmentation with ultra-high-resolution MRI data. The reliability and validity of the FreeSurfer 6.0 hippocampal segmentation protocol has been previously demonstrated [31] .
Intracranial Volume Correction
The estimated total intracranial volume (eTIV) is calculated by Freesurfer upon registration of images to the MNI305 Talairach space, as previously described [8] . The volume of the hippocampal formation scales with head size, or total intracranial volume. Hippocampal subfield volumes are corrected for natural inter-subject variability in TIV. Based on previous work suggesting the advantages of the residual method compared with the proportion method of assessment of inter-subject variability, the former was used in the present project. [51] . We adjusted whole hippocampal volume and its subfields using the residual method with regression analysis using the following formula as previously described [8] :
Here, VOI adj is the adjusted volume of interest, VOI is the output volume of interest from FreeSurfer automated hippocampal segmentation, b is the slope of the VOI linear regression on eTIV, and the eTIV m is the sample mean of the eTIV. Only the slope of the healthy controls' VOIs were calculated, and subsequently used to calculate the VOI adj for both R-TN subjects and controls. All reported volumes are adjusted. Additionally, subfield volume difference between R-TNs and controls are calculated as the VOI adj of R-TN -ipsilateral VOI adj of matched control for each subfield.
Manual Volumetric Hippocampal Segmentation
Methods for manual hippocampal segmentation have been previously described in detail [35] .
Briefly, T1-weighted scans were processed as described above. The hippocampal subfields in five randomly selected R-TN subjects and their respective controls were manually segmented by a neuroanatomist (MV) using 3D Display software, part of the MINC tools (www.bic.mni.mcgill.ca/ServicesSoftwareVisualization/). Segmented areas include 1) Subiculum, 2) cornu ammois 1 (CA1), CA2, and CA3 (CA1-CA2-CA3); and 3) CA4 and dentate gyrus (CA4-DG). The volume of the whole hippocampus was calculated as the sum of the 3 segments. Anatomical landmarks used to guide segmentation are previously described [35] .
Statistical Analysis
All statistical analyses were performed using GraphPad Prism version 7.0c for Mac, GraphPad 
Results
Subject Demographics
The R-TN group had a mean age  SD of 47.6  13.5 years and was comprised of 8 males and 14 females who had a mean age of 40.6  13.0 years and 51.6  12.5 years respectively, that was not statistically different (p = 0.0635). Male and female subjects had a mean right-sided TN pain duration for 3.1  2.3 years and 4.5  2.7 years respectively (p = 0.2350), and an average pain onset at 37.5  12.6 years and 47.2  13.5 years respectively (p = 0.1131). All patients with the exception of one had pharmacological therapy at the time of imaging, the most common being Carbamazepine (CBZ). Patients were sex and age matched to a healthy control group with a mean age of 46.0  11.6 years (14F: 49.0 ± 9.9; 8M: 40.8 ± 11.6). The age is not statistically different between control group and the R-TN group (p = 0.6952). Patient demographic information is shown in Table 1 . (Figure 1 ). Segmentation results were visually inspected for errors by assessing alignment of subfield masks with processed T1 images, however, no manual edits were required.
Automated hippocampal subfield segmentation in R-TN subjects and matched controls
The right whole hippocampus was significantly smaller in R-TN subjects compared to control (p = 0.0024) ( Figure 2 ). The right whole hippocampus was significantly larger than the left whole hippocampus in the control but not the R-TN group (p = 0.0027) (Table 2, Figure 2 ). We found specific subfield changes in the right, left and bilateral hippocampi, as follows. Right subfield volume reduction compared to controls was seen in the following: GC-ML-DG (p = 0.0012), CA4 (p = 0.0046), CA1 (p = 0.0014), subiculum (p = 0.0289), presubiculum (p = 0.0367), ML-HP (p = 0.0033), and the HATA (p = 0.0052) (Table 2, Figure 3 ). Left subfields were significantly smaller in R-TN subjects compared to controls in GC-ML-DG (p = 0.0096), CA4 (p = 0.0204), CA1 (p = 0.0145), and ML-HP (p = 0.0196) ( Figure 3 ).
We also found specific asymmetries in the hippocampal subfields. Controls had a larger right subfield volume compared to the left side in the following 7 subfields: GC-ML-DG (p = 0.0053), CA4 (p = 0.0119), CA2/CA3 (p = 0.0007), CA1 (p = 0.0047), ML-HP (p = 0.0241), hippocampal tail (p = 0.0224), and HATA (p = 0.0045) ( Table 3 ). In comparison, R-TN subjects had a larger right subfield volume compared to the left side in 3 of 12 subfields including the GC-ML-DG (p = 0.0153), CA4 (p = 0.0137), CA2/CA3 (p = 0.0034), and a larger left side presubiculum (p = 0.0017) ( Table 3 ). Intergroup hippocampal volume abnormalities are reported in Figure 3 and Table 2 . Whole hippocampus findings are stated in Figure 2 .
Sex dependent differences in hippocampal subfield volumes
Female R-TN subjects had significantly smaller right and left whole hippocampal volume compared with female controls, however this change was not observed in males ( Figure 4 ).
Female R-TN subjects showed reduced right subfield volumes compared to female controls in the GC-ML-DG (p = 0.0060), CA4 (p = 0.0209), CA1 (p = 0.0120), ML-HP (p = 0.0114), and the HATA (p = 0.0076). Additionally, female R-TN subjects showed smaller left subfields compared to controls in the GC-ML-DG (p = 0.0159), CA4 (p = 0.0380), and ML-HP (p = 0.0459). In comparison, male R-TN subjects did not show significant subfield volume changes compared to male controls. Subset analysis of hippocampal subfield volume by sex are shown in 
Correlation of hippocampal subfields changes and pain duration
Linear regression performed on the subfield volume differences over the reported pain duration showed significant correlation between pain duration and amount of hippocampal volume reduction in right hippocampus (p = 0.0494), but not the left ( Figure 5 ). The right CA1 (p = 0.0239), subiculum (p = 0.0218), ML-HP (p = 0.0261), and HATA (p = 0.0138), also demonstrated a significant correlation in volume reduction over time. Other subfields, including the GC-ML-DG and the CA4 showed a similar trend, but not statistically significant, towards reduction. Lastly, both the subiculum (p = 0.0258) and presubiculum (p = 0.0015) demonstrated correlation between left (contralateral) subfield reduction and pain duration.
Manual hippocampal segmentation in R-TN subjects and controls
Manual hippocampal segmentation showed that the right whole hippocampus (p = 0.0337) and the right CA1-CA2-CA3 (p = 0.0166) subfield volume are significantly smaller in TN subjects compared to controls ( Figure 6 ). A similar difference was seen when comparing the left whole hippocampus (p = 0.0236) and left CA1-CA2-CA3 (p = 0.0199) subfield volume in TN subjects
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and controls. There was a trend towards bilateral volume reduction in the CA4-DG and subiculum segmentations of TN subjects compared to controls, however these were not significantly different. Manual segmentation findings are summarized in Table 4 .
Discussion
There have been increasing reports examining the role of the CNS in contributing or maintaining TN pain [11; 52; 62] . While these reports have primarily focused on white matter and neocortical structures, hippocampal abnormalities have not been linked to TN pain before. Yet TN is an excellent model for the study of the effect of neuropathic pain on the hippocampus, given its strictly unilateral representation of pain, as well as severity, leaving virtually no ambiguity as to the severity of the pain [37] . Using TN as a model of neuropathic pain, our current study demonstrates significant changes in the hippocampus and its subregions. Specifically, we observe ipsilateral hippocampal whole and subregional volume reduction when compared with a cohort of healthy controls. The reduction in hippocampal subregions is further associated with duration of pain as well as sex, highlighting sex specific hippocampal plasticity in TN.
Hippocampal subfield volume reductions in R-TN subjects correlate with CNS circuits involved in pain processing
The hippocampus is composed of cytoarchitecturally and functionally distinct subfields with important roles such as the cognitive-affective processing of pain [9; 15; 55] . Reductions in hippocampal GM has previously been reported in other chronic pain diseases [10] , and recently in TN [25] . Considering the complex organization of the hippocampus and its varied functions, treating the entire structure of the hippocampus as a single volume likely ignores critical information now obtainable through MRI volumetric analysis techniques.
A C C E P T E D M A N U S C R I P T
Previous studies have delineated the hippocampal afferent and efferent pathways involved in pain processing (for a detailed review please see Liu & Chen, 2009) [36] . Afferents from the entorhinal cortex (EC) via the perforant path are composed of two distinct inputs. The first arises from layer II EC neurons that synapse on DG dendrites and input into the trisynaptic circuit [14] .
The second input, called the temporoammonic path, is comprised of layer II and III EC neurons that synapse directly on the distal dendrites of the CA1 and subiculum, and CA3, respectively [17; 34; 57; 61] . We demonstrate that subfields directly innervated by the perforant path, including the DG, CA1, and subiculum, have reduced volume in TN. Interestingly, the CA2/CA3 volume is not reduced, which suggests the EC could relay pain stimuli preferentially through projections that input into the CA1, DG, and subiculum. These findings are in contrast with a study by Ezzati et al. 2014 [18] , who report that older female subjects with chronic pain had smaller right CA2-CA3 and CA4-DG volumes. However, this study did not assess chronic pain from TN, and used an earlier version of FreeSurfer hippocampal segmentation with inferior accuracy [31; 53] .
Additional circuits in pain processing may provide afferents to the EC or directly to the hippocampal formation [36] . For instance, the Papez circuit, which contributes to emotional expression, connects the hypothalamus (mammillary bodies), anterior thalamic nuclei, cingulate cortex, and the hippocampus [47] . Within this circuit, the anterior cingulate cortex (ACC) projects fibers directly to the subiculum and the EC [27] . Our finding of reduced volume of the ipsilateral subiculum, presubiculum, and the subfields associated with perforant path inputs, align with this circuit. Additionally, this builds upon our previous findings of GM changes in affective circuits in TN subjects [12; 25] .
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Hippocampal outputs occur through two major pathways; the dorsal pathway involving the fimbria-fornix system, and the ventral pathway which connects the hippocampal formation and EC [36] . Fibers of the fornix originate mainly from the CA1, whereas fibers of the fimbria originate in CA2, CA3, CA4 and the subicular complex [40; 58] . In TN subjects, the fimbria volume is unchanged, despite significant volume reduction of the CA4 and subiculum. This builds upon our prior work analyzing white matter changes with diffusion tensor imaging tractography in TN subjects where we found no changes associated with the structure of the fornix.
Bilateral hippocampal subfield reductions in R-TN female subjects
Female R-TN subjects have bilateral volume reduction in the GC-ML-DG, CA4, ML-HP, and whole hippocampus (Figure 4) . We have previously reported that bilateral hippocampal volume reduction occurs in patients with right-sided or left-sided TN, without stratifying by sex [25] .
Currently, evidence conflicts as to whether chronic pain disorders produce bilateral [10; 42] , or unilateral [18] hippocampal volume reduction, with a similar discrepancy in animal studies [6; 42] . Although TN produces ipsilateral pain symptoms, nociceptive inputs quickly cross the brainstem and present bilaterally [13] . Our results show subfield volume reductions of greater significance ipsilaterally vs. contralaterally (Figure 2 ), which coincides with the laterality of TN pain experience.
Chronic pain can lead to the development of a maladaptive stress and systemic hormonal changes via the hypothalamic-pituitary-adrenal (HPA) axis [39] . The hippocampus regulates the HPA axis through feedback via mineralocorticoid and glucocorticoid receptors concentrated in the dentate gyrus [21] . Recent evidence shows that elevated levels of cortisol through a maladaptive stress response in chronic pain is associated with smaller hippocampal volumes
ACCEPTED MANUSCRIPT
A C C E P T E D M A N U S C R I P T
bilaterally [60] . This may be another mechanism by which TN produces bilateral hippocampal subfield volume changes. Additionally, animal studies suggest that stress influences hippocampal neural plasticity differently in females compared to males [21] , and sex hormones may explain differences in the hippocampal responses to aversive stimuli [2] . Hormonal differences may contribute hippocampal subfield changes that are limited to female R-TN patients (Figure 4) . This finding supports a previous report demonstrating sex specific hippocampal volume reduction in chronic pain [18] .
Aberrant neurogenesis as the substrate for volume loss in hippocampal subfields
GM volume reduction in the CNS as a result of chronic pain may manifest through changes in various substrates, including neuronal or glial turnover. A mechanism gaining increasing attention is the role of adult hippocampal neurogenesis (AHN). Disrupted AHN is associated with learning and memory deficits, and mood disorders. Depression and anxiety are highly comorbid with chronic pain [22] , and patients often demonstrate learning and memory deficits [13] . Apkarian et al. [3] demonstrated that AHN disruption in mice diminished persistent pain, while mice with AHN upregulation had prolonged persistent pain. Additionally, other studies reported decreased AHN in rodent models of chronic pain [42] . Thus, it has been proposed that downregulation of neurogenesis in chronic pain may serve to reduce pain-related memory formation as a self-protective mechanism [16] . Interestingly, we show that TN patients have bilateral volume reduction in the GC-ML-DG (Figure 2) , the primary location of AHN. It is possible that TN patients have aberrant AHN, which could contribute to volume reduction and maintenance of chronic pain. Vachon-Presseau et al. support this notion, suggesting that in patients with chronic back pain, elevated cortisol levels due to a maladaptive stress response may alter hippocampal circuitry via aberrant neurogenesis [60] .
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In agreement with others [7; 41] , we also demonstrate that GM volume reduction in R-TN subjects correlates with pain duration, specifically in the ipsilateral CA1, subiculum, ML-HP, HATA, and the whole hippocampus ( Figure 5 ). This supports the role of the CA1 and subiculum in pain processing [36] , and the notion that chronic pain in the form of repetitive pain attacks can drive neuroplasticity [59] . However, in the context of neurogenesis, we did not observe a similar correlation in the GC-ML-DG (although there was a trend of p = 0.0673). Although granule cells do not account for the entire DG structure, it is however plausible that a chronically reduced rate of neurogenesis could reach a steady state and stable DG volume over time. Future studies are required to delineate the role of AHN in chronic pain.
Study Limitations
Our study utilizes FreeSurfer's hippocampal subfields segmentation protocol to investigate the effect of the neuropathic chronic pain in trigeminal neuralgia patients. Previous studies have reported hippocampal volumetric changes in chronic pain, in agreement with findings reported in this aspect of our current study [3; 42; 50] . Nonetheless, the interpretation of these findings, particularly the male alone cohort, may be limited by the sample size. Additionally, most TN patients were undergoing pharmacological therapy for TN, often with anticonvulsants such as carbamazepine ( Table 1) . A recent study suggests that chronic administration of gabapentin and carbamazepine may cause increase in neurodegenerative changes in the brain of animal models [45] . Furthermore, long-term use of antiepileptics in patients with temporal lobe epilepsy results in reduced hippocampal betweenness centrality (a measure of connectivity) [24] . Although the aforementioned studies suggest that anticonvulsants may affect the hippocampal neuronal circuits, however, the direct effect of these medications on the hippocampus has not been previously studied and further investigation is required. Given the severity of TN pain, it is also
A C C E P T E D M A N U S C R I P T
not tenable to study a medication free patient cohort and the population investigated in our study therefore reflects the typical TN population.
Conclusions
Our results support our hypothesis of selective alterations to hippocampal GM in TN patients, with associated effects based on sex and pain duration. How these changes arise may be due to the distinct cytoarchitecture, and functions of hippocampal subfields. Pain duration can enhance stress and trigger alterations in affect-related circuitry, involving specific hippocampal subfields.
This study contributes to the increasing body of evidence suggesting hippocampal involvement Abbreviations: GC-ML-DG: granule cell and molecular layer of the dentate gyrus; CA: cornu ammonis; ML-HP: molecular layer of hippocampus proper; HATA: hippocampal amygdala transition area.
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A C C E P T E D M A N U S C R I P T Table 3 . Summary of automated hippocampal segmentation in left and right hemispheres in R-TN and control subjects (* p < 0.05, ** p < 0.01). Subfield volume difference calculated as: VOI adj of ipsilateral (right) -VOI adj of contralateral (left) 
